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Phytoplankton Production in a La'ke
With a MetaHmnetic Oxygen Maximum
DAVID Z. GERHART*
ABSTRACT-Carbon-14 production measurements and chlorophyll profiles are presented for a lake
with a__f!l_e_talimnetic production maximum. Annual' phytoplankton production is estimated as 50 g
2
Cim year. Lakes of this type are quite common yet present difficulties in classifying lakes by production measurements and in using infrequent measurements to infer temporal trends in productivity.
The results of two different liquid scintillation methods are compared, and data are presented which
suggest that counting efficiencies may be reliably determined in Aquasol, a xylene based fluor, by
either the internal standard or channels ratio techniques.

Mirror Lake (43 56.5' N, 71 41.5' W) is a small softwater lake in the White Mountains of New Hampshire. The
lake's maximum depth is 10.9 m and its surface area 15 ha.
The Secchi disk value during the period of stratification is
5-7 m. During the summer this New Hampshire lake stratifies to produce an oxygen maximum in the metalimnion,
a pattern that is also typical of small protected lakes of
northeastern Minnesota and the Canadian Shield. In fact,
many chemical and biological features of Mirror Lake (including total alkalinity, composition of the phytoplankton,
and chlorophyll concentrations) are representative of the
numerous soft-water lakes of th_e northern United States and
Canada formed by glacial movements in geological strata
containing little calcareous material.
Schindler and Holmgren (I 971) have recently described
the phytoplankton and primary production of a number of
lakes lying in the Canadian Shield in northwestern Ontario.
These authors found that lakes exhibiting dichotomic production-depth curves, with a second production maximum
in the metalirnnion, were quite common. They invariably
had small sheltered basins with the euphotic zone extending
into a shallow, anaerobic, nutrient-rich hypolimnion. The
upper production maximum was considered to be due to
optimum light conditions while the lower resulted from a
more favorable nutrient regime (especially phosphorus,
nitrogen and carbon dioxide). It is this mechanism which is
responsible for the metalirnnetic oxygen maximum of Mirror
Lake and doubtless for similar maxima in many lakes of
northeastern Minnesota.
Mirror Lake has been studied intensively since 1965 in
connection with the Hubbard Brook Ecosystem Study
(Likens and Bormann, 1972; Gerhart, 1975; Gerhart and
Likens, 1975; Jordan and Likens, 1975; Likens and Davis,
1975; Moeller, 1975). Although presently oligotrophic,
Mirror Lake is threatened by roadbuilding and housing developments within its watershed (Likens, 1972). Accordingly
an investigation of phytoplankton photosynthesis in Mirror
Lake was conducted during 1971-1972 to provide information useful in ecosystem modeling and in assessing the impact
of human activity on the lake.
Phytoplankton pigments were extracted in 90 percent
acetone with the aid of a tissue grinder. Chlorophyll a was
determined by fluorometry. A Turner Model Ill tluorometer was calibrated with a Coleman-Hitachi Model IO I
spectrophotometer on extracts of phytoplankton growing in
chemostat culture. No attempt was made to distinguish
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chlorophyll a from phaeophytins or phaeophorbides.
Phytoplankton production was measured using the carbon-14 method. Field procedures followed the recommendations of Gold!Y!n et al. (I 969). Carbon-14 was purchased
as aqueous NaH co 3 of high specific activity, diluted to
3-5 microcuries/m/ and autoclaved in glass ampoules. The
isotope was injected in volumes of 0.3 ml or less to light and
dark bottles of 130-ml capacity, with appropriate precautions
taken to shield the bottles from direct sunlight. Filtration
was conducted in a darkened room at 200-mm Hg through
Millipore HA filters. The correction for filtration error proposed by Arthur and Rigler ( 1967) and Schindler ( 1972) was
not applied to the production estimates since a test with
winter plankton failed to demonstrate that filtering small
volumes leads to higher production estimates. In this regard,
it is apparently critical that filters be fumed with HC I to remove inorganic carbon-14 which may be retained on the
filters or a false correction for filtration error may be obtained (Nalewajko and Lean, 1972; McMahon, 1973).
Total inorganic carbon was estimated from measurements of alkalinity, PH and temperature (Saunders et al.,
1962). Because alkalinities were generally low, averaging
only 3.0 mg/liter as CaCO 3 in the epilimnion, total alkalinity was determined from a PH titration curve. Dark
bottle counts were subtracted from light bottle counts in
the customary manner. Carbon- 14 uptake was corrected
to full day photosynthesis by multiplying by the ratio of
the surface solar radiation for the entire day to that for the
incubation period (Schindler, 1972). Productivity estimates
were always conducted in pairs which included one sunny day
and one cloudy day.
Other procedures were modified during the course of
the study and are described below:
PRODUCTION ESTIMATES OF AUGUST, 1971-These
measurements were made using a Geiger-Muller counter.
Filters were rinsed with 3 percent formalin and air dried
before counting.
PRODUCTION ESTIMATES OF JANUARY, 1972 Fi1ters were dried in liquid scintillation vials and counted in
the toluene scintillator of Lind and Campbell ( 1969). Counting efficiencies were determined by a channels ratio method
using a commercially prepared set of quenched standards.
An attempt to measure excreted products of photosynthesis
was made by pipetting 5 ml of filtrate into scintillation
vials, acidifying and bubbling the filtrate at PH 3.5, and
evaporating to dryness at 60° C. The scintillator and counting
procedures were the same as for filtered cells.
PRODUCTION ESTIMATES OF MAY AND AUGUST,
1972 - Because appreciable losses of radioactivity may
The Minnesota Academy of Science
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FIGURE 1. Chlorophyll-depth profiles in Mirror Lake
Fluorescence values are expressed as chlorophyll a.

occur when filters are dried (Wallen and Geen, 1968; Ward
and Nakanishi, 1971) and because channels ratio quench
curves for homogeneous solutions are not strictly applicable
to counts of algae on filter papers (Pugh , 1970), new counting procedures were adopted in the spring of 1972. Immediately after filtration, the filters were fumed in HCl (Williams
ct al., 1972), and the wet filters were added directly to Aquasol, a xylene-based fluor compatible with samples containing more than 70 percent water (Schindler and Holmgren, 1971).
The filters are completely dissolved and
counting efficiency remains high. To determine the amount
of excreted organic carbon, 5-ml aliquots of filtrate were
acidified, bubbled, and added directly to 15 ml of Aquasol.
Counting efficiencies were determined by internal standardization with C-14 toluene.
Determinations of counting efficiency are more reliable
when Aquasol is used. Most methods for determining efficiencies suffer from either drying of filters or neglecting the
self-absorptive effects of cells and filter papers (Pugh, 1970).
However, since Aquasol wiH completely dissolve wet filter
papers, self-absorption is minimal and the samples should
behave more nearly like homogeneous solutions. Evidence
to support this claim has been obtained by determining
efficiencies with the channels ratio method both before
and after addition of an internal standard to samples in
Aquasol and in the toluene scintillator of Lind and Campbell
(I 969) (Table I). In aquasol th e channels ratio efficiency
did not change significant! (P=0.: 5) after the addition of
a C-14 toluene standard (a hom ogeneous source of radioactivity), but in the toluene scintillator the ratio increased
by 9 percent, a highly ignificant result (P<0.001). This
result supports the conclusion of Pu gh (} 970) that the
channels ratio and internal standardiz ati on techniques should
not be used with toluene scintillatms but suggests that
they are satisfactory with Aquasol.
An attempt was made to compare the methods for
determining phytoplankton production used in January,
1972, with those used in May and August, I 972, on samples
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FIGURE 2 . Phytoplankton production profiles in Mirror Lake.
Values plotted are for 4-hour exposure periods in May and August
and 5-hour exposure periods in January.

collected in January, 1973. A set of 5 replicate bottles
was incubated for 5 hours under ice cover. Two 50-ml
aliquots from each bottle were filtered. One of the filters
was fumed in HC I, dissolved immediately in Aquasol, and
counted with an internal standard. The second was washed
with 2 ml of 3 percent formalin, air dried, and counted in
toluene with the channels ratio procedure. Surprisingly,
the toluene counts were higher by 21 percent (P<0.01) in
spite of the fact that the filters had been air dried (Table 2).
The suggestion, therefore, is that failure to acid fume the
filters to remove inorganic carbon-14 was responsible for
the higher counts (Williams et al., 1972; Nalewajko and
Lean, 1972; McMahon, 1973) and that the production values
for January, 1972, are overestimates.
Seasonal Fluctuations Observed
Concentrations of chlorophyll a in the epilimnion of
Mirror Lake generally fluctuate between 1.0 and 3.0 ppb
from June to August. Some seasonal changes in the chlorophyll-depth profiles of 1972 are illustrated in Figure 1. In
May chlorophyU begins to concentrate at the mid-depths
as the lake strati fies. As the thermocline descends in June,
so do the higher chlorophyll concentrations which remain
associated with the metalimnion . Concurrently, sinking
cells contribute to a buildup of chlorophyll and its degradation products in the hypolimnion, a trend which continues
throughout the summer so that extremely high concentrations are attained by August. Such accumulations of phytoplankton standing crop in the hypolimnion are evidently
quite common (e.g., Gessner, 1948; Steele and Yentsch,
1960; Schindler and Holmgren, 1971; Kiefer et al., 1972).
A single measurement under winter ice cover in January,
1973, revealed a nearly uniform distribution of chlorophyll
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at concentrations of about 1.0 ppb.
Depth profiles of phytoplankton production are illustrated in Figure 2. August 18, 1971, was characterized by
sunshine throughout the day, and the production curve exhibits surface inhibition, a pronounced metalimnetic maximum, and a secondary maximum in the epilimnion. On
August 20, 1971, the sky was hazy at the beginning of the
incubation but became completely overcast by noon. The
decreased light intensity is reflected in the marked reduction
of production in the metalimnion and in the abse~ce of
surface inhibition. Similar patterns were observed m the
production measurements of August 11, 1972 (sunny), and
August 12, 1972 (cloudy). In early May the pr_o ductio~
maximum on a sunny day (May 13, 1972) was agam associated with the metalimnion, but in this case the metalimnion
occurred at only 3-5 meters depth so that a secondary maximum in the epilimnion was not observed. Under winter
ice cover (26 cm ice, 23 cm snow cover) the production
curves were predictably similar on sunny (January 8, 1972)
and cloudy (January 7, 1972) days.
The calculated values for phytoplankton production are
listed in Table 3. Excreted carbon, when measured, amounted to 13 to I 7 percent of the fixed carbon retained in the
cells, a finding similar to that of Anderson and Zeutsc~~l
(I 970) for phytoplankton in oligotrophic areas of the Pac1f1c
Ocean.
In calculating an estimate of annual production a number of assumptions were made. The measurements using
Aquasol in 1972 are considered to be most accurate. Since
the Aquasol values for whole lake production vary by less
than three-fold and since they were obtained under very
different conditions of weather and thermal stratification,
it is assumed that their average (I 73 mg C/m 2 /day) is areasonable estimate of daily production during the ice-free season
(May I - December I). Schindler ( l 972) has determined
from detailed measurements of winter production that
about 16 percent of the annual production occurs under ice
cover in similar lakes located on the Canadian Shield in
northwestern Ontario. Adopting this value for Mirror Lake,
annual production is estimated ~ 44 g ~/m 2 /year on a whol_e
lake basis or about 50 g C/m /year 1f excreted carbon 1s
included. Using a different series of measurements and
following somewhat different procedures, Jordan and Likens
(1975) estimate llnnual phytoplankton production for this
lake as 47 g C/m 2 /year during the period from August 1973
to August I 974.
TABLE I. Efficiency dctcrmhmions Wilh Aquasol and lolucnc sdntillalors.

Counling Efficiencies(%)
lnte111al Stamfa,J
Channels Ratio Mel hod

Chan1"!ls Ratio Method
(aflcr addition uf
inlcma) :11,111d:ud)

Mc1hod

(before addilion of

(c-14 lolucne)

in1crnal stand:rrd)

56
60
64
62
58
57
58

SJ
56
62
61
56
62
54
6.1

61

59

58

60

Similarities with other Regions

The values reported here for phytoplankton production
in Mirror Lake are similar to those reported by Schindler
(I 972) for oligotrophic lakes with metalimnetic oxygen maxima in northwestern Ontario. For example, the mean maximum production for the lakes studied by Schindler was
about 0.4 g C/m 2 /day, and the total estimated productivities for three lakes during the ice-free season were 24, 33
and 43 g C/m 2 . In Mirror Lake_ the maximum daily production observed was 0.47 g C/m2/day, and the comparable
value for production during the ice-free season is 37 g C/m 2 .
These lakes as a group illustrate the pitfalls of attempting
to define ranges of production values for oligotrophic,
mesotrophic and eutrophic lakes. According to the sc~eme
proposed by Rodhe (1969), Mirror Lake and many ot the
Canadian lakes cannot be considered oligotrophic in spite
of the exceedingly low concentrations of plankton and
nutrientsfoundin their epilimnetic waters. The reason for
this discrepancy is obviously related to the metalimnetic
production maximum, which in turn derives from co~ditions
of mixing and lake depth. In a sense the lakes consist of an
oligotrophic epilimnion and a eutrophic metalimnion.
A second problem concerns the use of limited numbers
of production measurements to infer seasonal trends in
phytoplankton production. Rodhe et al. (1958) found
variations in primary production from one day to the next
in eutrophic Lake Erken were often as great as 100 percent,
in some cases even between 200 and 300 percent. They
attributed these large daily variations to uneven horizontal
distributions of standing crop and the effects of wind on
its distribution. It is quite apparent from Figure 2 that
similarly large fluctuations may occur in Mirror Lake and
that even weekly measurements would be woefully inadequate to depict temporal variations in production. The
cause of these fluctuations, however, is quite different than
in Lake Erken. Because the production peak on a sunny
day is found in the metalimnion at suboptimal light intensit~
any decrease in light intensity will drastically lower metabmnetic photosynthesis. Thus, on cloudy days the metahmnetic peak may cease to exist entirely, and phytoplankton
production may be only half of that which occurs on bright,
sunny days.

ACKNOWLEDGEMENTS
The author thanks G.E. Likens, H.L. Allen, J. Eaton,
B. Peterson and M. Sebring for useful discussions and technical assistance. This work was supported by grants from
the National Science Foundation to G.E. Likens and F. H.
Bormann and is a contribution of the Hubbard Brook Ecosystem Study.

Aquasot•

55

57
(,0

65
62
59

TABU·: 2. Comparison of 1hc prnduclivily techniques for January, 1972, (l olucnc ;.i.;inlillator) w11h
lhnsc for May und Augus1, 1972 (Aquasol). ListeJ numbe rs arc cffkicn9-corrc..:1cd sc 1111illa1iu n co u111.s.

61

58
S;unplc•

Scintillator : T 11IUl'Oc
J% formalin rir,se
Effkicm:y : Charind.~ Ralio

S.ll
1006
K79

82
81

(,!\

70

7</

X2
82

70
69

7X
7X

XI

(\l/

7x

7X

99J
l>JJ

h'l

732
70(,
753
815
81b

764
.. All \;11npl,· .., :.ire 1,, 1111 lOJ :11111;.ii)'. 1117.l, ;11

8~

Scin1ilfa1or: At1u:1M1I

HC J fume
Ellkie11..:y : ln1cmal S1,rndard

,ml'

fnclcr dt.'plii.

7'}<.

• Sam11ll':s fzum 1l Mur . Jl1 7 2. varted dl'\llh:1..
•• Sampk~ fi.,m IOJam1ar~ . 11 •7.l.1 m.

16

The Minnesota Academy of Science

TABLE 3. Phytoplankton production.
B*=

Weather

Date

*

18 Aug. 1971

sunny

20 Aug. 1971

cloudy

7 Jan. 1972

cloudy

8 Jan. 1972

sunny

9 May 1972

cloudy

13 May 1972

sunny

11 Aug. 1972

sunny

12 Aug. 1972

cloudy

Columns A and B exclude excreted carbon.

Exposure
Period (EDST)
1000 - 1400
· hours
1000 - 1400
hours
1015 - ISIS
hours
1000 -1500
hours
1030 - 1430
hours
1030 -1430
hours
l 100-1500
hours
I 100- 1500
hours
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